INTRODUCTION
In 2012, a 3D seismic survey was acquired in the southern Taranaki Basin, NZ, over the Manutahi Oil Field (Figure 1) . The survey used a dynamite source and was designed to image approximately 1200m of Recent to Pliocene aged sediments that lie above a basement fault block composed of the Triassic-aged Miruhiku Formation.
The primary target interval is the oil bearing Manutahi Sandstone Unit within the Matemateaonga Formation that directly overlies basement. Previous seismic data in the area comprised 2D data acquired with both dynamite and Vibroseis ® sources. The quality of this vintage data is fair to good and generally produces high continuity events allowing straight forward interpretation of the main marker events originating from the top basement and the overlying Manutahi coal beds and reservoir sands.
Figure 1. Manutahi 3D Seismic Survey Location Map
Given the high signal to noise ratio evident in the 3D field records, it was intended to apply a relatively straight forward processing sequence to the new 3D data, similar to what had previously been applied to the vintage 2D seismic. However, once the datum static solution had been derived and applied, it was evident that the initial stacks were significantly inferior to the vintage 2D data (Figure 2 ). This lead to an exhaustive investigation of the cause of the poor stack response. Initially suspicion was cast on the precision of the survey geometry and also the accuracy of the refraction static solution and/or the precision of the shot-hole depths and uphole times. Considerable time was spent reviewing first breaks after linear moveout and comparing back to the refraction solution. The acquisition contractor was asked to review their positioning data, observer's logs and records of shot hole placement.
RECOGNITION OF HTI ANISOTROPY
The initial 3D stack response was significantly poorer than the vintage 2D data. This was the first clue that the 3D data could not be optimally processed with standard 2D parameters, but did not in itself immediately suggest that HTI anisotropy was the cause of the problem. Detection of HTI anisotropy within a sparse land 3D survey relies on a good datum static solution, because stacking velocity is very sensitive to statics. Fortunately the data contained high quality first breaks from
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This case-study demonstrates seismic processing in the presence of Horizontal Transverse Isotropic (HTI) velocity anisotropy encountered in a low-fold land 3D survey in New Zealand. The HTI velocity anisotropy was unexpected, being suspected only after the initial poor stack response compared to vintage 2D sections in the area, and the sparse 3D design made it difficult to identify. The paper shows how anisotropy was singled out from other possible causes, such as geometry errors. We discuss the key steps of the processing flow incorporated to deal with the HTI anisotropy to attain a high quality final processed volume. In particular we show data examples after the application of azimuthally dependant NMO velocities, along with pre-stack HTI migration. Examples are shown which demonstrate the preservation of the HTI anisotropy before and after 5D trace interpolation.
Maps and vertical profiles of 3D attributes are used to demonstrate the magnitude and direction of the HTI velocity field, which varies 5% to 10% between the fast and slow horizontal directions. These observations coincide with the local stress state deduced from borehole break-out studies. We conclude that the fast velocity direction corresponds to the present maximum horizontal stress direction. Finally the paper summarises the implications for processing wide azimuth 3D data in this area and suggests improvements for future 3D survey design.
which a stable and geologically reasonable refraction static solution was generated. Further QC of the field geometry was possible by comparing modelled and actual first arrival time picks. Apart from a couple of mis-located shots the survey geometry appeared to be reliable and internally consistent. Extending the initial processing sequence to include the application of surface-consistent residual reflection statics failed to adequately improve the initial stack quality. Significant time shifts remained within the CDP bin gathers that could not be accounted for in a surface consistent manner, and that could only be partially resolved by the application of relatively large and unacceptable trim statics values of up to 20ms.
The formation of Common Offset Common Azimuth (COCA) plots indicates the presence of velocity HTI. The COCA plots were at first of poor quality (Figure 3a ) due to the relatively low fold coverage resulting from the survey design. The sparseness of the offset/azimuth population is highlighted by the variable trace spacing seen in Figure 3a , and is insufficient for HTI to be seen with any confidence. Forming COCA plots on 9x9 CMP super-gathers (Figure 3b ) reveals the presence of velocity HTI. Within each offset bin events follow a sinusoidal residual moveout curve that is a function of azimuth, and that increases in magnitude with increasing offset bin. The same isotropic NMO correction has been applied to both sets of gathers.
PROCESSING WORK-FLOW
Once the cause of the poor stack response was determined, a workflow designed to adequately deal with the anisotropy was adopted. The key components of this workflow were:
1. Pre-processing (linear and random denoise) 2. Compute and apply refraction statics solution 3. Deconvolution 4. Surface consistent amplitude correction 5. Assign the data to four sets of non-overlapping azimuths centred on 54, 99, 144 & 189 degrees (ie source line direction/receiver line direction and the two directions at 45deg to these) 6. Manually pick velocity fields for each of the four azimuth sets 7. Compute surface consistent residual statics 8. Iterate two additional passes of manual velocity picking for each azimuth, followed by residual statics derivation 9. 5D interpolation/regularisation (preserving velocity anisotropy) 10. Velocity line HTI Kirchhoff preSTM on each azimuth set, and velocity analysis for each azimuth 11. Final HTI Kirchhoff preSTM on each azimuth set 12. Final isotropic velocity analysis and final stack Comparing full-fold full-azimuth stacks with isotropic NMO (Figure 4a ) and HTI anisotropic NMO (Figure 4b ) is a convincing demonstration of the data improvements achieved by the chosen work-flow. These stacks have been generated after an iterative run of velocity analysis and residual statics derivation (step-8), but the residual statics have not been applied. The improvement in stack quality was dramatic, demonstrating the value of the multi-azimuth velocity picking and HTI moveout corrections. A 5D regularisation gave further improvement which was achieved using a Minimum Weighted Norm Interpolation rd International Geophysical Conference and Exhibition, 11-14 August 2013 -Melbourne, Australia 3 (MWNI) (Trad, 2009) . The choice of dimensions is an important consideration for 5D interpolation. Since the ultimate goal was to create HTI Kirchhoff migrated CMP gathers suitable for further azimuthal velocity analysis and AVO studies, a natural choice was to 5D interpolate the data to a sub-surface consistent grid of offset and azimuth coordinates. An advantage of this choice was that the irregular offset and azimuth sampling resulting from the orthogonal acquisition geometry reduces aliasing effects in these dimensions, improving the interpolation result (Carey, 2012) . The data was regularised to four azimuths (54, 99, 144 & 189 degrees) and 200m offset bins. The upper limit to the number of azimuths was determined by time constraints, which would have been exceeded if the manual velocity analysis was extended over more azimuths. At stage-9 of the processing it was possible to re-examine the azimuthal dependency by forming CMP sorts of the 5D interpolated data. This was an effective way to QC the quality of the interpolation, and supports the case for HTI velocity anisotropy ( Figure 5 ). The variable trace spacing again highlights the sparseness of the acquired data ( Figure 5a ) and masks any HTI anisotropy, which becomes apparent after 5D regularisation, (Figure 5b ). As with Figure 3 , the same isotropic NMO correction has been applied to both gathers in Figure 5 .
The final HTI migration (steps 11 and 12) was achieved by migrating each of the four sets of azimuths separately using their respective azimuthal velocity fields. A full volume single pass HTI migration, using azimuthal velocities decomposed into Vfast, Vslow and azimuth of Vfast, was not possible due to the limitations of the software available. An example of a final HTI pre-stack time migrated CMP gather is given in Figure 6 . This is the same CMP shown in Figure 3 , and shows flattened events as expected. The final HTI preSTM stack is shown in Figure 7 . 
CHARATERISTICS OF THE ANISOTROPY
The magnitude and azimuth of the maximum and minimum horizontal velocity directions was computed from the four sets of manually picked velocities, by computing the best fit ellipse for each velocity sample. Generally the fastest velocities are observed in the 54deg azimuth which happens to be the receiver line direction. The complement to this is that the lowest velocity for any given CMP is generally observed in the orthogonal or source line direction, which was 144deg.
A map showing the ellipticity (defined here as the ratio of the velocity difference (Vfast -Vslow) to Vfast along the Manutahi Coal horizon demonstrates the areal distribution of the velocity field, (Figure 8 ). It is clear that the velocity field is constantly orientated across the survey area with the Vmax direction averaging 51deg, with a standard deviation of 15deg. The magnitude of the ellipticity is relatively large, with the fast velocities being 5% to 10% greater than the slow velocities. Similar maps were observed at all time-slices from about 300msec to the basement reflector at 1200msec. Some investigation was done to determine if the anisotropy is also apparent in the sub-weathering refractor velocity. This work is ongoing, but initial results suggest that there is evidence for this.
It is perhaps worthy of note that HTI is not likely to impact 2D processing because all ray-paths follow one direction and are therefore unlikely to "see" the anisotropy during routine velocity analysis. Had a careful analysis of the stacking velocity fields on intersecting 2D lines been performed it may have indicated some evidence for the HTI properties of the rocks in the area. However, no such analysis was done and given the often highly variable nature of land stacking velocities, this evidence would likely have been overlooked. Therefore when the processing of this 3D survey commenced, the azimuthal dependency of the velocities was not anticipated.
COMPARISON TO LOCAL STRESS FIELD
We briefly investigate the cause of the relatively strong degree of velocity anisotropy in the horizontal plane. There does not appear to be any inherent characteristic of the local geology that would naturally induce a strong variation in the P-wave velocity with azimuth. The sedimentary layers are highly continuous with uniform thickness and have dips in the range 0-5degrees. Therefore we looked for evidence in the local stress state of the rocks.
The relationship between uniaxial stress and P-wave velocity is relatively well recognised, (e.g. Nur and Simmons, 1969) , and given that NZ has prolific active seismicity, it is an obvious candidate to consider whether localised stresses can be correlated to the observed velocity anisotropy. Borehole breakout studies are one method of determining the orientation of the present day stress field. An analysis of the borehole breakouts in the well Manutahi 1B, near the centre of the survey area, revealed a maximum stress direction of 40degrees from north. This correlates closely with the observed Vmax direction. Carmac et al (2006) and Horan (1997) , have also conducted borehole breakout studies in the nearby Kupe South gas field, situated 28km to the south-west. These studies concluded that although the horizontal stressfield locally varies in azimuth, the average orientation is 51deg, which also compares to the orientation of the maximum velocity direction at Manutahi. Townsend (1998) has analysed the near surface characteristics of a fault with surface expression in the Waverly area, about 20km east of Manutahi. This work showed that fault movements displacing the surface have occurred in the last 22,000 years. This is evidence of high differential stress in the near surface allowing normal faulting to propagate to surface. The fault studied in that paper is orientated SW-NE, which is approximately the same orientation as the main fault seen in the subsurface of the Manutahi 3D. Together, these observations support the conclusion that the present day stress field has significant asymmetry in the horizontal plane and that a likely cause of the velocity anisotropy is a relatively high differential between the maximum and minimum horizontal stress fields.
CONCLUSIONS AND IMPLICATIONS
The magnitude of the velocity anisotropy in this area is such that any future 3D surveys in the region, (both onshore and offshore) are likely to benefit from azimuthally dependent velocity analysis. Future processing may also benefit from including an azimuth term in the surface consistent amplitude correction and surface consistent deconvolution, to assist removal of acquisition related azimuthal dependency of amplitudes, wavelet and multiples, as demonstrated for example by Burnstad and Keho (2011) .
The sparse trace density inherent in the survey design was a limitation in both recognising the velocity anisotropy and effectively correcting for it in the processing. Hence future survey design could improve offset and azimuth sampling in each bin by increasing source line fold and/or reduce the receiver line interval. This would minimise reliance on interpolation and improve velocity accuracy.
Data from this survey could be used to support geomechanical studies which are often required to assist well design or reservoir stimulation projects.
